Abstract-In this paper, we, for the first time, examine the spectral reflectivity of hemisphere-, cone-, cylinder-, and parabolashaped silicon nitride (Si 3 N 4 ) subwavelength structures (SWSs). A multilayer rigorous coupled-wave approach is advanced to evaluate the reflection properties of Si 3 N 4 SWSs. We optimize the aforementioned four different shapes of SWSs in terms of effective reflectance over a range of wavelength. The results of our paper show that a lowest effective reflectivity could be achieved for the optimized cone-shaped SWS as compared to hemisphere-, parabola-, and cylinder-shaped structures with the same volume. The best shape SWS is then fabricated together with a silicon (Si) solar cell, and the efficiency of the solar cell is compared with that of a solar cell with single-layer antireflection coating (ARC). An increase of 1.09% in cell efficiency (η) is observed for the Si solar cell with a cone-shaped Si 3 N 4 SWS (η = 12.86%) as compared with the cell with single-layer Si 3 N 4 ARCs (η = 11.77%).
techniques have been tried on crystalline silicon, including laser structuring [1] , mechanical diamond saw cutting [2] , and maskless reactive-ion etching (RIE) processing [3] . If we observe the maskless RIE processing, several self-assembly masks, such as anodic porous aluminum [4] , [5] spin-coated spheres [6] [7] [8] [9] , and evaporated Ag islands [10] , followed by RIE, have been demonstrated. Among these methods, RIE provides high rates of isotropic etching. However, this may form dislocations and defects in semiconductor layer [11] . These defects and dislocations are responsible for increasing the minority carrier recombination in a solar cell [12] . Thus, the short-circuit current for the solar cell is decreased, which, in turn, decreases the solar cell efficiency. To reduce the probability of defect creation in the semiconductor layer, the subwavelength structure (SWS) on antireflection coating (ARC) instead of semiconductor surface has been studied recently [13] [14] [15] [16] by our group. In our recent papers, we have advanced a rigorous coupled-wave analysis (RCWA) method to study the reflectance of Si 3 N 4 SWS for a wavelength ranging from 400 to 1000 nm using an effective refractive index calculated for a pyramidal shape using effective medium theory (EMT) [13] . To introduce the effective refractive index gradient required for antireflection applications, SWSs with tapered profiles and high aspect ratios are highly desirable [17] . We found that Si 3 N 4 SWSs with coneand pillarlike structures can successfully be fabricated using a self-assembled nickel nanocluster, followed by an inductively coupled plasma etching method, and the reflectance spectra of these subwavelength structures depend on their shapes [14] . Therefore, it is worth studying the shape effect of Si 3 N 4 SWS on reflectance to enhance the solar cell efficiency for us.
In this paper, we study the reflectance of SWSs with four different shapes (i.e., hemisphere, cone, cylinder, and parabola) on silicon nitride (Si 3 N 4 ) for solar cell application. The main motivation behind this is to choose optimal shapes of Si 3 N 4 SWSs with the lowest reflectance that can be used in Si solar cells. Solar cells with the explored silicon nitride SWS on them are thus fabricated for the first time, and the results are presented and discussed. A multilayer RCWA [18] [19] [20] is advanced to investigate the reflection properties of Si 3 N 4 SWSs. We first optimize Si 3 N 4 SWSs with hemisphere-, cone-, cylinder-, and parabola-shaped structures for the best effective reflectance properties. Using the optimized morphologies, we further compare the results of reflectance among these shapes of SWSs by considering the wavelength range from 400 to 1000 nm. Consequently, Si solar cells with an optimized shape of Si 3 N 4 SWS are fabricated using a conventional solar cell process incorporated with the Si 3 N 4 SWS fabrication method reported earlier [14] . This paper is organized as follows. In Section II, we brief the procedure of RCWA for the simulated SWS structures, including the adopted material parameters, and discuss the simulation results. In Section III, we show the procedure for fabrication of Si solar cells, followed by the fabrication results. Finally, we draw conclusions and suggest future work.
II. CALCULATION METHOD AND RESULTS
We study the SWS structure with four different shapes, as shown in Fig. 1 , for the reflectance property with respect to wavelength. We choose these shapes because all shapes are of cylindrical symmetry with the same base radius. The height of Si 3 N 4 SWS is h, and the thickness of the nonetched Si 3 N 4 layer is s. Both of these parameters are the key designing parameters for reflectance optimization. We use RCWA [13] to study the diffractive structure and its reflectance property, where EMT [21] [22] [23] is adopted to calculate the effective refractive index for each partitioned uniform homogeneous layer. We first divide the SWS structure into several horizontal layers with equal thickness, and for each discrete position z l along the z-direction, EMT implies that the effective refractive index n(z l ) of each layer is approximated by (1) , shown at the bottom of the page, where f (z l ) is the fraction of Si 3 N 4 contained in each layer given by f (z l ) = (πr
, with r l being calculated according to the shape of SWS [24] . The r l for hemisphere-, parabola-, cone-, and cylinder-shaped SWSs are given by the following equations, respectively:
Notably, n SiN = n + ik is the complex refractive index of Si 3 N 4 , where i = √ −1; n and k are optical constants; and n air = 1 is the refractive index of air. Only the real part of the refractive index of Si 3 N 4 is considered in our simulation because it is a weakly absorbing material above 400 nm [25] . With the calculated effective refractive index n(z l ) for each layer, we can calculate the reflectance of the entire structure including a layer for the nonetched Si 3 N 4 with respect to the different wavelengths [13] . Here, the incident angle θ of sunlight is assumed to be normal to the plane (i.e., θ = 0
• ), and only TE polarization is considered here for the calculation of reflectance [26] .
Instead of considering the reflectance for a certain wavelength, an effective reflectance is computed for the structures over a range of the wavelength of incident sunlight. By taking s and h as varying factors, we calculate the effective reflectance R eff [27] for the wavelength λ varying from λ l = 400 nm to λ u = 1000 nm and compare it with Si 3 N 4 SWS. R eff is evaluated by
where SI(λ) is spectral irradiance given by ATMG173 AM1.5G reference [28] , E(λ) is the photon energy, and R(λ) is the calculated reflection. The "s" and "h" factors are varied for the studied structures to achieve the lowest effective reflectance, and the optimization results are shown in Fig. 2 . The reflectance spectra of the optimized structures are compared in Fig. 3 . The lowest effective reflectance of 1.93% is observed for the optimized parabola-shaped SWS as compared to the results of hemisphere-, cone-, and cylinder-shaped structures.
Comparison of the reflectance spectra of the four shapes, as shown in Fig. 3 , may not be correct as the volumes of the different shapes are different. For this reason, we keep the volume constant for all the shapes and vary the height of SWS to see the effect on reflectance. Note that when we change the SWS height, the thickness of the nonetched Si 3 N 4 SWS is kept constant at 70 nm. The effective reflectances of the hemisphere-, cone-, cylinder-, and parabola-shaped Si 3 N 4 SWSs with different volumes are shown in Fig. 4 . For the volume varying from 5 × 10 4 to 1 × 10 6 nm 3 , we find that the cone-shaped SWS has the lowest effective reflectance and that the cylinder-shaped SWS has the highest effective reflectance as compared to other shapes.
III. SAMPLE FABRICATION AND CHARACTERIZATION
Based on our observation in our simulation, we fabricate a Si solar cell with Si 3 N 4 nanocone structures for the first time. The flowchart of the fabrication process for a solar cell with silicon nitride SWS is shown in Fig. 5 . First, a p-type silicon wafer is cleaned with H 2 SO 4 /H 2 O 2 and then followed by chemical polishing to remove the surface damage. Then, the emitter is formed by phosphorous diffusion by supplying phosphorous trichloride oxide (POCl 3 ) to the silicon wafer. In this process, p-type silicon wafer is loaded into a quartz boat, which was slowly moved into the middle of a fused quartz tube in a resistance-heated horizontal furnace. The furnace temperature for the diffusion was held at about 900
• C. Nitrogen is used as a carrier gas. During the diffusion process, the following reactions take place to form a phosphor silicate glass (PSG):
When a PSG is deposited on the silicon substrate, phosphorus starts to diffuse into the bulk, and the emitter is formed. Then, the PSG is removed by dipping the wafer in a 10% buffered HF solution for about 1 min. Then, the silicon nitride cone-shaped structures are formed on the front surface of the solar cell using the fabrication process reported in [15] , which is briefly described in Fig. 5 . The scanning electron microscope image of the fabricated nanocone structure is shown in Fig. 6 . After the SWS process, the postprocessing of the cell is done, which includes electrode formation by the standard screen-printing method and the cell characterization to get the open-circuit voltage (V OC ), short-circuit current density (J SC ), efficiency (η), and fill factor (FF) under AM1.5G conditions. The Ag and silver-aluminum (Ag/Al) contacts on the front (F) and back (B) surfaces of the cells, respectively, are made by screen printing, followed by sintering at 650
• C-750
• C for a few minutes. For the sintering process, the screen-printed wafers are placed vertically in a fused silica boat in the FFBBFFBB configuration. This boat is then placed in the hot zone of the sintering furnace for a few minutes in order to carry out the sintering in zero air or equivalent N 2 /O 2 ambient.
The schematic and the photographic images of the fabricated solar cell with single-layer antireflection (SLAR) and coneshaped Si 3 N 4 SWSs are shown in Fig. 7(a) and (b) , respectively. The color of the solar cell with Si 3 N 4 SWS is dark blue as compared with the solar cell without SWS, which is similar to the case of single-crystalline silicon without and with etching reported in [29] . The measured data of current-voltage (I-V ) of the fabricated sample are tabulated in Table I , where the fabricated Si solar cell with silicon nitride SWS and the Si solar cell with SLAR coating are compared in Table I . It is observed that the V OC value of the SWS solar cell is decreased by 0.001 V as compared to that of the SLAR solar cell. Also, the FF of the SWS solar cell is decreased by 0.04% as compared to that of the SLAR solar cell. However, the J SC and efficiency of SWS have been improved by 2.9 mA/cm 2 and 1.09% as compared to that of the SLAR solar cell. The decrease of FF suggests that there must be some insufficient electrical contact, which is also confirmed by the high reverse current of the SWS solar cell compared to that of the SLAR solar cell. Thus, there is a need to improve the fabrication process, specifically for the postprocess steps of Fig. 5 . The increase in efficiency by 1.09% for the SWS solar cell has been achieved compared to that of the silicon solar cell with SLAR. We expect that the efficiency can be further improved more if the electrode formation step could be improved for the Si solar cell with silicon nitride SWS.
IV. CONCLUSION
In this paper, we have compared four different designed silicon nitride SWSs. Using the results of rigorous coupledwave analysis simulation for the hemisphere-, cone-, cylinder-, and parabola-shaped silicon nitride SWSs, the ratio of silicon nitride SWS height to the nontextured part of silicon nitride has been optimized. The reflectance results for the optimized SWSs have been compared in terms of effective reflectivity. The cone-shaped silicon nitride SWS has been observed to be best suited for a solar cell as compared to the results of hemisphere-, cylinder-, and parabola-shaped silicon nitride SWSs. A silicon solar cell with a cone-shaped silicon nitride SWS has been fabricated successfully, and the results show the clear increase of 1.09% in efficiency as compared with a solar cell with silicon nitride SLAR. In addition, there is a need to improve the electrical contact process for a silicon nitride SWS to further increase the efficiency, as seen from the measurement. We expect that the efficiency can be improved more if the postprocess steps of the silicon solar cell with a silicon nitride SWS can be improved significantly.
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